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Top quarksdominantlydecayinto b-quarkjetsandW bosonsandtheW bosonsoftendecayinto
jets,thusthe precisedeterminatiorof thejet enegy scaleis crucialin measurementsf mary top
guark properties.| presenthe stratgiesusedby the CDF and D@ collaborationgo determine
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andevaluateits systematiaincertaintyarealsodiscussed.
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1. Intr oduction

Marny measurementsf hardscatteringorocessesat hadroncolliders,includingtt production,
dependntheaccurataleterminatiorof jet enepgies,sincejetsareusedasmeasuresf partondrom
thehardscatteringIn particular thetop quarkmassdeterminations limited by the uncertaintyon
thejet enegy scale.

The determinatiorof the jet enegy scaleis cumbersomdecausef instrumentakffects,in-
cluding calorimetemon-uniformity resolutioneffectsdueto large fluctuationsin particleshaver
ing in thecalorimeterthenon-linearesponsef thecalorimeteespeciallyto hadronsanddifferent
responsefo differenttypesof particles,e.g. hadronsversuselectromagneticallynteractingparti-
cles.Enegy from additionalpp interactionsoccurringin the samebunchcrossingalsocomesinto
the jet cone,which hasa non-ngligible effect at low jet pr andhigh instantaneoukiminosities.
Thesituationis further complicateddueto thefactthatthe underlyingeventcontributesenegy to
the jet clusteringcone,andthat the jet conedoesnot containall the enegy of the parentparton
becausef partonshaver. Theseeffectshave to takeninto accountwhenthejet enegy scaledeter
minationor validationbasedn thehadronicmassresonanceandpr balanceof jetswith aphoton
or Z-bosonis performed.The partonshaver andjet fragmentatioralsodependon theflavor of the
parentpartonwhich resultsin the differentjet enegy correction.

CDF andD@ usedifferentapproacheso determinethe jet enegy scale.At CDF, determina-
tion of the absolutget enegy scalereliesprimarily onthe detectorsimulationandjet fragmenta-
tion model[1]. Thecalorimeteisimulationhasbeentunedto reproducehesingleparticleresponse
measuredn the testbeamdataand pp collision data,andthe jet fragmentatiormodelin Py THIA
is usedto simulatejets. Theenepgy scaleis validatedby comparingthe y-jet andZ-jet pr balance
obsered in collision datawith thatin Monte Carlo (MC) events. In the approachusedby D&
to determinethe jet enegy scale,the absolutget responses obtainedby utilizing the trans\erse
momentumconserationin photon+jeteventsindependentlyn dataandMC events[2]. Theseare
discussedn section3.

2. Detector

The CDF and D@ detectorsare general-purposdetectorsfor pp collisions at the Fermilab
Tevatron collider. Both detectorscomprisea solenoidal-magnetichaged particle spectrometer
surroundedy the calorimetersanda setof muonchambersThe componenmostrelevantfor the
measurementf jetsis the calorimeter The calorimetelis usedto measurdghe enegy of particles
producedn pp collisions. The CDF andD@ calorimetersoth have a projectectower geometry

The CDF calorimeteiis asamplingcalorimeter The electromagneti¢EM) sectionconsistof
alternatinglayersof leadandscintillator andthe hadronic(HAD) sectionconsistsof alternating
layersof steelandscintillator The CDF calorimetersare divided into two main pseudorapidity
(|n|) regions;the centralcalorimetercovers|n| < 1.1 andthe plug region covers1.1 < [n| < 3.6.
Theregionbetweerthecentralandplugregionsis coveredby theend-wall hadroncalorimeter The
tower sizein the centralregion is An x Ap = 0.1 x 15°, andthe sggmentationin the plug region
variesasfunctionof n (An x Ap = 0.1x 7.5° for |n| < 1.8 andAn increasesvith increasingn|).
Thenoiselevel is very low, having ~ 1 noisetower with Er > 50 MeV perevent.
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The D@ calorimetersareuraniumandliquid argonsamplingcalorimetersThe D@ calorime-
tersconsistof the centralcalorimetersovering |n| < 1 andtheendcalorimeterextendthe cover
ageto |n| ~ 4. Thecalorimeterhave threesections:EM, fine hadronic(FH) andcoarsehadronic
(CH). IntheCH section coppetor steelis usednsteaddf uraniumasaabsorberTheD@ calorime-
tersarenearlycompensatingyith ane/mratio lessthan1.05above 30 GeV. Thetower sgmenta-
tionin n-@ spacds 0.1 x 5.625.

3. Energy scaledetermination for genericjets

Jets(calorimeterjets) arereconstructedrom enegies measuredn calorimetertowersusing
jet clusteringalgorithms.Thejet algorithmsusedby the CDF andD@ collaborationsredescribed
elsavhere[3]. For measurementsf thetop quarkpropertiesCDF andD@ usethe cone-baseget
algorithms.In MC simulation,particlejetscanalsobedefinedasjetsreconstructedy applyingthe
samejet clusteringalgorithmon stablefinal stateparticles. This sectiondescribeghe procedures
usedby the CDF andD@ collaborationgo correctthe calorimeteljet enegy to thatof the particle
jet. Theprocedurausedby CDFto correctjetsbackto the parentpartonsis alsopresented.

3.1 Jetenengy scaledetermination at D@

The jet enegy calibrationprocedureemployed by D@ is basedprimarily on data,exploiting
thetransersemomentunconserationin events[2]. Themeasuredet enegy is correctedbackto
thetrue particlejet enegy by:

EJ_p;rticle _ EJ[T&easured - EO’
Rje - S
whereky is anoffsetenegy which includesthe underlyingevent, uraniumnoise,enegy from the
previous bunchcrossing,andadditional pp interactions.Rj¢ representshe calorimeterresponse
to jets which correctsfor the calorimeternon-uniformityalong n andthen correctsthe absolute
enegy scale.Sis the shavering correctionwhich correctsfor enegy emittedoutsidethe jet cone
dueto detectoreffects.

(3.1)

3.1.1 Offset

The offset Eg includesthe underlyingevent, noisefrom the radioactve decayof the uranium
absorberthe effect of the previous bunchcrossingandthe contritutionsof additionalpp interac-
tions. Theunderlyingeventenepy is definedasthe enegy contritutedby spectatopartonsto the
jets. TheoffsetEg is determinedoy measuringhetranserseenegy densityin the minimume-bias
andzero-biaglata.

3.1.2 Response

Evenatfterthe calorimeterenepgy calibrationbasedon thetestbeamdata,the jet enegy mea-
suredby the calorimeteris lessthanthe true jet enegy on averagedueto non-linearresponseo
low momentunmparticles,deadmaterials andmodule-to-moduldluctuations.In orderto measure
thecalorimeteresponséo jets,D@ useshemissingEr projectionfractionmethodwhich exploits
thetransersemomentunconserationin anevent[2].
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In photon+jetevents thetrans\erseenegiesof therealphotonandtheotherrecoil particlesat
the particlelevel shouldsatisfy:
EY 4 Efeol — o, (3.2)

In generalthe calorimetemresponsdo both photonsandrecoilsis lessthanunity andthe enegy
mismeasuremermtauseshe missingEr (Et) in events:

RVE¥ + Rrecoil E‘%ecoil = _QT- (3.3)
After theEM enepy calibration,R, = 1, andEgs.(3.2), (3.3) transformto:
5 A
Rrecoil = 1+ ETEy T7 (3-4)
T

wherer? = EY/|EY|. In back-to-backphoton+jetevents,Rrecoil Canbe consideredistheresponse
of ajet Rj¢. In orderto belesssensitve to jet enegy resolutionwhendeterminingthe jet enegy
responsethe studyis performedasa functionof E' = E¥ cosh(nja). E¥ andnjg arebettermea-
suredthanE;e, andE’ canbemappedo Ej«. Figurel shavsthejet responseRj«, asafunctionof
Ej«. In practice the absolutget responseorrectionis determinecandappliedafterthe response
is equalizedwith thefollowing procedure.

The correctionwhich equalizesthe jet responseén n is derived from dijet events. In dijet
eventswith onejet in the centralregion (|n| < 0.5) andthe otherjet arywherein the detectorthe
relative jet responsavith respecto the centraljet canbe expresseds:

ET . peentral jet

Rjg = 1+ (3.5)

E_I(Eentral jet
andis measuredas a function of the jet n. The correctionis cross-cheakd for low Et jetsin

photon+jetevents.

3.1.3 Showering

The shawvering correctionaccountdor the enegy flow throughthe jet coneboundaryduring
calorimetershavering. Dueto electromagnetiand hadronicshavering in the calorimeter some
particlesproducednsidethejet conedepositpartof their enegy outsidethe cone.The shavering
correctioncorrectsfor this effect, but doesnot correctfor the enegy outsidethe jet conedueto
gluonemissioror fragmentationThecorrectionis derved by measuringhefractionof theenegy
outsidethejet conein thedataandin theMC simulationattheparticlelevel. Thefractionmeasured
in dataincludeshoththelossdueto thecalorimeteishaveringandpartonshaver, while thefraction
in MC atthepartonlevel includesthelossdueto partonshaver only; thusthedifferences usedto
determinghe shavering correction.

3.1.4 Systematicuncertainty

Figurel shavs the systematiaincertaintieg@ssociateavith eachstepof thejet enegy correc-
tions andthe total uncertaintyfor centraljets asfunction of jet enegy for D@. The jet response
is the main sourceof the jet enegy scaleuncertaintyover a wide rangeof jet enegy; however,
the offsetandshavering correctionggive non-ngligible contritutionsatlow andhighjet enegies,
respectely.
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Figure 1: (left) Rj¢ asa functionof Ej¢ measuredn photon-+jeteventsusingthe missingEr projection
fractionmethodby D@. (right) The systematiaincertaintyfor centraljetsasa functionof jet enegy at D@.

3.2 Jetenemgy scaledetermination at CDF
At CDF, jetsarecorrectedn stepsasgivenin:

particle  UE 00C

Prje Pr-+Pr

p'lqi'r::(ide = [antej%sned X fre — p¥“ X Nvtx] X faps, p_lqarton =
The jet pr measuredy the calorimeterss scaledby f,g to make the jet responseuniform with
n. The pr from additionalinteractionsin the samebunch crossing,pY', is subtractecbasedon
the numberof reconstructeghrimaryverticesNyx in anevent. Thejet pr is thencorrectedor the
calorimeteresponsdy thescalefactor f5,s, determinedy matchingparticlejetswith calorimeter
jets. In someanalysesge.g. the top quark massmeasurementy is essentiato determinethe
enegy of the parentparton. Becauseof that, the underlyingevent and out-of-conecorrections,
pYE and PPOC, which correctjets backto parentpartonsare provided. This multi-stepapproach
accommodategifferentneedsn mary differentanalysesat CDF.

3.2.1 Calorimeter simulation

At CDF, determinatiorof the calorimeterjet enegy scaleprimarily relieson a detectorsim-
ulation anda jet fragmentatiormodel. So, the accurag of the calorimetersimulationis crucial
for the precisget enegy scaledetermination.The CDF calorimeterresponsdo singleparticlesis
tunedto reproduceheresponseneasuredn thetestbeamandthe collision data. The CDF detec-
tor simulationusesa GEANT-basedletectorsimulationin which aparametrizeghaver simulation
(GFLASH) isusedfor thecalorimeteresponseSomeof the GFLASH parameteraretunedto repro-
ducethesingleparticlerespons€E / p andlateralprofiles)measuredh thetestbeamandcollision
data. Figure 2 shavs the measuredind simulatedresponsdor individual particlesin the central
region at CDF. The simulatedresponsdor electromagnetigarticles(electrons,photons)agrees
with themeasuredesponsé¢o 1.7 % atany momenta.Thesimulatedesponséor chagedhadrons
agreesvith themeasuredesponsevithin 2.5% for p < 12 GeV/c and3 % for 12 < p < 20GeVic
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Figure 2: (E/p) versusp for chagedhadronsin the collision data(top left), for chaigedpionsin the test
beamdata(bottomleft), andfor the electronsandpositronsin the collision data(top right) comparedo the
simulation.

in the centralregion. At highermomentathe uncertaintyis 4% dueto the testbeammomentum
uncertaintyandthe changen theintegrationtime in the CDF dataacquisitionsystem.

The samemethodwasusedto tunethe simulationresponsén the plug region. However, the
tuningis limited in precisionin the plug region becaus®f thelimited trackingcoverage.Thus,the
jet enegy scalein the plug region is rescaledo that of the centralregion asdiscussedn the next
section.

3.2.2 Relative correction

The CDF calorimeterresponséds not uniform in n becausef the boundariedbetweenthe
calorimetemodulesandthedifferentresponsesf thecentralandplug calorimetersThejet enegy
scaleis madeuniformin n by scalingjet enegiesoutside0.2 < |n| < 0.6 to thosewithin this n
region wherethe enegy scaleis bestunderstood.The correctionis determinedbasedon the pr
balanceof the leadingtwo jets in dijet eventswhere,to leadingorder two jets shouldhave the
samepr andary imbalanceis dueto calorimeternon-uniformity As discussedn the previous
paragraphtuning of the plug calorimeteris still limited in precision,sotherelative correctionis
determinedseparatelyor therealandMC events.Thetwo correctionsaredifferentby upto ~ 2 %
at|n| < 2.

3.2.3 Multiple ppinteraction correction

Additional pp interactionsn the samebunchcrossingasthe interactionwhich producedhe
jets contritute enegy to the jet cone. The numberof reconstructegrimary vertices(Nyy) is a
goodestimatorof the numberof interactiongn the samebunchcrossing.This multiple interaction
correction,pM', is derived by measuringhe trans\ersemomentumin a coneof the samesizeas
thejet conein the0.2 < || < 0.6 region asafunctionof Ny in minimumbiasevents. pY!! is 0.34
GeV/c for cone-sizeR = 0.4 jetsusedin thetop-quarkanalysest CDF
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3.2.4 Absolute correction

Theabsolutecorrectioncorrectalorimetejjetsto thecorrespondingarticlejets. Thecalorime-
ter simulationhasbeenoptimizedto reproducghe measuredingleparticleresponseandit allows
CDFto rely onthe simulationto derive the absolutecorrectionover a wide rangeof jet pr.

The correctionis obtainedfrom dijet eventsgeneratedvith Py THIA 6.2 with tune A param-
eters[4]. TuneA refersto the valuesof the parameterslescribingmultiple-partoninteractions
andinitial stateradiationwhich have beenadjustedo reproducehe enegy obseredin theregion
trans\erseto theleadingjet in jet datafrom CDF Run 1. It hasbeenshowvn to provide areasonable
descriptionof the measurednegy distribution insidea jet [5]. The correctionis determinedoy
matchingthe two leadingparticle jets to the correspondingalorimeterjets and taking the most
probablevalue of calorimetesjet py for particlejets with a given p$f‘;§°'e . This procedureakes
outthejet enegy smearingandfalling spectruneffectsfrom thecorrection.

Theuncertaintyof the absolutecorrectionarisesirom the accurag of the calorimetersimula-
tion, calorimeteresponseime dependencgndtheuncertaintyin the jet fragmentatiormodeling.
Theresultingtotal uncertaintyis ~ 2 % at 20 GeV/c and~ 3 % at500GeV/c, andis dominatedy
the calorimetersimulationuncertainty furthertuningis in progress.

3.2.5 Underlying event and out-of-conecorrections

It is often preferableto reconstructhe enegy of the original partonratherthanthe enegy
of the particlejet. The corversionfrom the particlejet to the parentpartonhasto accountfor the
out-of-cong(OOC)enegy, whichis theenegy of theparenfpartonemittedoutsidethejet conedue
to final stategluon radiation,andthe underlyingevent (UE) enegy from spectatompartons. The
correctionwas determinedusing the samemethodas the absolutecorrection,but the correction
relatesa particlejet with the matchedpbarentparton.

The uncertaintyof this correctionarisesfrom the modelingof UE andOOC enepgies. The
OOC enepgy uncertaintyis evaluatedby comparingthe enegy flow outsidethe jet coneup to
R = 1.3 in dataand MC. We measuredn PYTHIA MC thatan additionalenegy 0.5 GeV falls
outsidea coneof 1.3,andhalf of it is takenasthe systematiaincertainty

The uncertaintyof the UE enegy modelingis evaluatedbasedon the UE studyat CDF [6]
thatmeasuredhe enegy trans\erseto theleadingjet in dijet eventsin dataandMC samples.

3.2.6 Systematicuncertainties and cross-checks

CDF hasdeterminedhe jet enegy scaleusingthe proceduradescribedabove. In the central
region, the currentuncertaintyonthejet scaleis 6.5% at 20 GeV/c dominatedy the OOCenegy
uncertainty 3 % at 100 GeV/c and3.5 % at 500 GeV/c whereit is dominatedby the calorimeter
simulationuncertainty

The photon-jetand Z-jet dataare good samplesfor studyingthe jet enegy scalesincethe
photonandZ enegiesarewell measuredndthusprovide goodreferencedor the jet enegy. At
CDF, thephoton-jetandZ-jet pt balancesreusedto cross-checkhejet enegy scalein dataand
MC events. The photon-jetpy balancesn data,PyTHIA andHERwWIG MC eventsafter all the
correctiongdescribedbore areshavn in figure4. Only cleanback-to-baclphoton+jeteventswith
Ag(y, jet) > 3 (rad)andthesecondet pr < 3 GeV/careused.PyTHIA andHERWIG MC events
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Figure 3: Jetenegy scaleuncertaintiesvaluatedby CDF asa function of the correctedet pr in 0.2 <
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blueline) for R= 0.4 (top left), 0.7 (top right) and 1.0 (bottomleft) afterall the corrections.

disagreeby ~ 3.5 % for R = 0.4 jets; however, datalie betweenPYTHIA andHERWIG andagree
with bothof themto within 2 %.
The hadronicdecaysof resonancewith well known massesuchastheW andZ bosonscan
be good placesto testand calibratethe jet enegy scale. Usually the hadronicW andZ decays
areswampedby QCD backgroundat hadroncolliders; however, in tt eventswith the lepton+jets
topology the hadronicW resonancecan be obsered with a relatively small QCD background.
Figure5 shavs the dijet massdistributionsin four subsamplesf theletpton+jeteventsamplethe
subsamplesre madebasedon the numberof jetsidentifiedasb-quarkjets by the standardCDF
b-taggingalgorithm[7]. Eventswith oneb-taggedet arefurtherdividedinto two classesi-tag(T)
refersto eventswith four jetswith Ey > 15 GeV and1-tag(L) refersto eventswith threejetswith
Er > 15GeV andthefourthjet with 8 < Ey < 15GeV.
Thehadronid/N-bosondecayhasbeenusedsuccessfullypy the CDFandD@ collaborationdo
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Figure5: Dijet masdistributionsfor four subsamples thelepton+jetssample.Thesignalandbackground
shapegorrespondindo thebestfit of thejet enegy scalecross-checlareoverlaidon the histograms.

calibratethe jet enegy scalein top quarkmassmeasurements the lepton+jetschannel8, 9]. In
the CDF measuremetjB], thereconstructedop massanddijet masgdistributionsareformedfrom
tt MC eventswith varioustop massandthe jet enegy scalerangingfrom -3 to +30 whereo is
thetotal jet enegy scaleuncertaintydescribedabove. Fits to the datawithout usingthe jet enegy
scaleconstrainfrom the standardgrocedureyield thejet enegy scale[—0.25+ 1.22]0, indicating
thatthejet enegy scalefrom theaforementionegrocedurds in goodagreementvith information
provided by theW resonanc@eakin tt events.

Constraininghejet enegy scalewith thehadronidW resonancés avery powerful technique,
andthe jet enegy scaleuncertaintyfrom this methodwill improve asmore datais accumulated.
However, it hasto be notedthatall the detailedstudiespresentedbove would be crucial for the
succes®f this techniquesincethis methodrelieson goodmodelingof the dijet massdistribution.
Also, thistechniquewnould notbeableto constrainthejet enegy scaleoverawide rangeof jet pr.

4. Energy scalefor b-quark jets

Topquarksdecaydominantlyto b-quarksandW bosonstherefordt is essentialo measurghe
enegy responsef b-quarkjets (b-jets) precisely The correctionfrom calorimeterjetsto particle
jets or to the parentpartonis differentfor b-jetsthanfor genericjets, sinceb-jets have different
partonshaver andfragmentatiorproperties.Currently both CDF andD@ rely on MC simulation
to modelb-jet enepgy scale.

In the CDF top quarkmassmeasurementf8], additionaluncertaintiesare evaluatedfor the
b-jet enegy scale: 1) uncertaintiesn enegy responsearisingfrom uncertaintyin B mesonsemi-
leptonicbranchingratios, 2) uncertaintiesarisingfrom the imperfectknonvledgeof the fragmen-
tation propertiesof b-quarks,and3) uncertaintiesarisingfrom the differentcolor flow associated
with b-jets producedn top quarkdecay The b-jet enegy scaleuncertaintiefrom thesesources
areevaluatedby changingthe relevant parametersn MC basedon the constraintdrom otherex-
perimentsandyield additional0.6 % uncertaintyin total.
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Possiblewaysto testthe b-jet enegy scalein pp datawould be to look at photonb-jet pr
balanceor Z — bb resonanceCDF hasextractedthe Z — bEsignalandis seekingto useit to test
andcalibratethe b-jet enegy scale.At CDF, adedicatedriggerwasimplementedo collectalarge
sampleof Z decaydo b-quarkpairsby requiringtwo trackswith displacedverticesandtwo jets,
anddijet eventswith bothjets beingtaggedasb-jetsareselectedffline. Thesignalwasextracted
by fitting the QCD backgroundshapecomputedusinguntaggediatapassingthe samekinematic
selectiortogethemith theZ — bb signalandtheZ — bb signalshapecomputedwith Py THIA MC
tothedata.Currently thesystematiaincertaintiesssociatedvith theQCD backgroundubtraction
procedurarebeingevaluatedandprocedure$o testandcalibratetherelatve data/MCb-jet enegy
scalearebeingexamined.

5. Summary

The stratgiesusedby the CDF and D@ collaborationgo determinethe jet enegy scaleare
presented CDF hasdeterminedhe jet enegy scaleprimarily basedon a tunedcalorimetersim-
ulationandjet fragmentatiormodel,andthe determinecenegy scaleis validatedin several cross
checks.CDF hasachiered a determinatiorof the jet enegy scalewith the uncertaintyshavn in
figure3[1] andis currentlyworkingto reducet further. In theapproachusedby D@, thejet enegy
scalehasbeenobtainedmainly by utilizing the transversemomentumconseration in photon+jet
events[2] andseveral cross-checkbave beenperformed.D@ hasdeterminedhejet enegy scale
to within ~ 2 % precisionover awide rangeof jet pr (figurel).

HadronicW decaysin tt eventswith the lepton+jetstopologyhave beensuccessfullyusedto
constrainthe jet enegy scalein the top quarkmassmeasurements, 9]. Thisis a very powerful
techniquehowever having excellentcalorimetersimulationandwell-calibratedet enegy response
would still be crucialto make this work.

b-quarkjets have different propertiesthan genericjets, andthe enegy correctionhasto be
determinedseparatelyBoth CDF andD@ arecurrentlymodelingthe b-jet enegy responsdased
on MC, andarecurrentlyinvestigatingpossibilitiesto testandcalibratethe b-jet enegy scaleusing
Z — bb andphotonb-jet pr balance.
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